High-throughput sequencing of 16S rDNA and culture-dependent methods were applied to determine the bacterial communities of braised chicken during processing and storage. Environmental microorganisms were also evaluated using a sedimentation plate method. The results showed that airborne microbial counts in the braising room were higher than those in the control room (25
INTRODUCTION
Braised chicken is a traditional dish of China. It is originated from the reign of emperor Guangxu in the Qing Dynasty. The characteristics of unique shape, attractive color, delicious taste, and special flavor make braised chicken being loved as well as widely popular among the consumers in China. It is also known as "boneless braised chicken" because the bones can be easily separated from the chicken after cooking. It is produced by deep-frying chicken carcass coated with maltose or honey and then boiling it in a repeateduse bittern (Yao et al., 2013) . However, due to high nutrient and water content, poultry is easily colonized by a number of microorganisms associated with food spoilage. Therefore, poultry products are usually subjected to common processing for preserving meat and prolonging product shelf life, such as vacuum packing (VP) and modified-atmosphere packing (MAP) C 2018 Poultry Science Association Inc. Received May 17, 2018. Accepted July 22, 2018. 1 Corresponding author: jz dyliu@126.com This research was funded by China's Agricultural Research System (CARS-42). (Karabagias et al., 2011; Lorenzo and Gómez, 2012) . Nevertheless, spoilage still frequently occurs. Product spoilage not only limits poultry distribution but also causes considerable economic losses to manufacturers (Mahgoub and Sitohy, 2013) . The microbial load on meat and the meat shelf life depends on the dissemination of microbial contamination in abattoirs during processing, which depends on factors such as temperature, packaging material, and other conditions during distribution and storage (Tovunac et al. 2011; Franke and Beauchamp, 2016) . Therefore, it is necessary to monitor the microbial counts and community during processing and storage of braised chicken and develop new methods for preserving product freshness. Currently, most studies have assessed the microbial diversity by traditional culture methods, such as a standard plate count. However, since most microorganisms cannot be cultured in vitro, these methods can only be recovered in a small percentage of the microorganisms present in poultry products (Ercolini, 2004) . The recent application of high-throughput sequencing (HTS) in determining meat quality has allowed quantitative in-depth assessment of changes in the microbial populations during meat production and storage (Kaur et al., 2017; Tian et al., 2017) . The shelf life of meat products is determined by microbial growth. Previous reports have shown that the predominant bacteria associated with spoilage of pork and chicken were Brochothrix thermosphacta and species of Pseudomonas and Lactobacillus (Nieminen et al., 2012; Vasconcelos et al., 2014) . Recently, studies are mainly focusing on shelf life and packaging method Meredith et al., 2014; Rouger et al., 2018) , and a few reports on the microbiome during braised chicken processing are available. Thus, in this study, culture-independent HTS of 16S rDNA amplicons was conducted to investigate the changes in microbial diversity in braised chicken packaged by MAP, as well as during poultry meat processing (Figure 1 ). In addition, a culture-dependent method was applied to determine total microbial counts, and the presence of three spoilage microorganisms, namely, lactic acid bacteria (LAB), Pseudomonas, and B. thermosphacta, was confirmed. This study could provide a theoretical basis to improve the shelf life of poultry products.
MATERIALS AND METHODS

Sample Pretreatment
Braised chickens were obtained from the Shandong Dezhou Braised Chicken Co., Ltd., a large enterprise in Dezhou, Shandong. Braised chicken processing (Figure 1 ) is as follows: first, the entire chicken carcasses were coated with honey and fried in vegetable oil for several minutes to impart color to the product. Next, the chicken was braised in soup with various flavorings until the meat was cooked; this step lasted approximately 3-4 h. The whole chickens were cooled naturally in control room and chilled in cold storage (4
• C) to rapidly lower the temperature. Afterwards, the carcasses were packaged in 2 methods including VP and MAP (70% N 2 /30% CO 2 ). Polyethylene/polyamide laminated films were the materials used to pack the MAP braised chicken. The VP products were treated at 100
• C for 30 min after packaging in polyvinylchloride/polyamide/polyethylene, whereas the MAP products were packaged directly. The oxygen transmission rate was less than 20 cm 3 /m 2 /24 h/0.1 MPa for both MAP and VP.
Sample Collection
Twelve carcasses were randomly selected from each sampling areas during braised chicken processing of MAP each time, and replicate it 3 times. The sampling areas of the factory included the chickens before frying (BF), chickens placed in the control room (CR), chickens placed in cold storage (CS), chickens at the beginning of storage (BS), and chickens at the end of storage (ES). Each sample was put into aseptic bags, sealed, and stored in a refrigerator (4
• C) until further use.
Microbial Analysis of Samples
Twenty-five gram of chicken meat was put into 225 mL of sterile solution containing 0.9% NaCl (Luo et al., 2016) , and was homogenized in a stomacher bag for 5 min. Appropriate serial dilutions were prepared using the same diluent for microbial enumeration, in accordance with the International Organization for Standardization's (ISO) 4,833 methods for counting total bacteria (ISO, 2003) . One milliliter of dilution was inoculated in a Petri dish and after that approximately 15 mL of the appropriate agar was added. Total viable counts (TVC) was analyzed by the plate count agar (PCA) incubated at 37
• C for 48 h. LABs was incubated at 30
• C for 48 h on de Man Rogosa Sharpe agar plates, Pseudomonas was incubated at 25
• C for 48 h on cetrimide-fucidin-cephaloridine selective agar plates (ISO, 2010) , and B. thermosphacta was incubated at 30
• C for 48 h on streptomycin thallous acetate actidione agar plates (Calliauw et al., 2016) .The result was calculated by the formula as follows:
CFU(colony forming units) × 10 n (dilution rate) 25 g
Analysis of Airborne Microorganisms
The airborne microorganisms obtained during different processing areas (including the braising room, control room, and cold storage areas) were evaluated by the sedimentation plate method. Total bacteria were counted by the PCA method (Pandey et al., 2014) . Five uncovered culture plates containing 20 mL of culture medium were distributed and exposed at different locations in the processing room for 5 min. Thereafter, the plates were collected and incubated in the dark at 37
• C for 48 h, the total bacteria were counted, and the results are expressed as the number of colony-forming units (CFUs) per plate. All samples were analyzed in triplicate.
DNA Extraction
Bacteria were isolated from chickens by a wholecarcass rinse procedure (Bourassa et al., 2015) . Briefly, braised chickens were placed in sterile bags containing a homogeneous suspension of 700 mL of a sterile physiological peptone salt solution (0.1% peptone and 0.85% NaCl); then, the bags were shaken at 300 rpm for 10 min. The liquid samples containing bacteria were then transferred to a new aseptic bag. Twelve chickens were treated similarly. The fluid was collected and centrifuged at 465 × g for 5 min at 4
• C to remove visible muscle and tissue components. Then, each supernatant was filtered through a 0.22-μm membrane, and the cells were collected into sterile centrifuge tubes and centrifuged at 16,768 × g for 5 min at 4
• C. The supernatant was discarded, and the sediment was stored for use. Total genomic DNA was extracted from the microbial cells using the Universal Genomic DNA Extraction Kit (Solarbio, Beijing, China) according to the manufacturer's protocol.
PCR Amplification
The V4 region of 16S rDNA was amplified using the specific primers 515F forward (5 -GTGCCAGCMGCCGCGGTAA-3 ) and 806R reverse (5 -GGACTACHVGGGTWTCTAAT-3 ). PCR was performed in 30 μL reactions with 15 μL of Phusion High-Fidelity PCR master mix (New England BioLabs, USA), 2 × 10 −5 mol/L of each forward and reverse primer, and approximately 10 ng of template DNA. Thermal cycling consisted of initial denaturation at 98
• C for 1 min, followed by 30 cycles of denaturation at 98
• C for 10 s, annealing at 50
• C for 30 s, elongation at 72
• C for 30 s, and a final extension at 72
• C for 5 min. The PCR products were analyzed on 2% agarose gels, and the sample DNA (∼300 bp) was purified using the GeneJET Gel Extraction Kit (Thermo Scientific). Amplicon sequencing was performed using the Illumina HiSeq platform at Novogene (Beijing, China).
Library Preparation and Sequencing
Sequencing libraries were generated using the NEBNext Ultra DNA Library Preparation Kit for Illumina (NEB, USA), following the manufacturer's recommended protocols. Index codes were added. The library quality was assessed using a Qubit 2.0 Fluorometer (Thermo Scientific) and the Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina HiSeq instrument, and 250-bp pairedend reads were generated.
Quality Filtering, Operational Taxonomic Unit Selection, and Annotation
Paired-end reads from the original DNA fragments were merged using FLASH (Magoč and Salzberg, 2011) , a very fast and accurate analysis tool designed to merge paired-end reads when overlaps occur between reads 1 and 2. Paired-end reads were assigned to each sample according to unique barcodes. Alpha-(within samples) and beta-(among samples) diversities were analyzed using the Quantitative Insights into Microbial Ecology (QIIME) software package (Caporaso et al., 2010) and in-house Perl scripts. During operational bacterial species (OBS) construction, sequences with ≥97% similarity were assigned to the same OBS. We selected a representative sequence for each OBS and used the RDP classifier (Wang et al., 2007) to annotate taxonomic information for each representative sequence.
Diversity Analysis of Microbial Communities
To compute alpha diversity, we rarefied the OBS table and calculated three metrics: Chao 1 for estimating the species abundance, the observed species for estimating the amount of unique OBS in each sample, and the Shannon index. Rarefaction curves were generated based on these 3 metrics. QIIME software was also used to calculate both weighted and unweighted UniFrac distances, which are phylogenetic measures of beta diversity.
Statistical Analysis
The means of microbial counts (TVC, Pseudomonas, B. thermosphacta, and LAB) between 0 and 7 day were compared using one-way analysis of variance, and comparison of means between different processing areas was also performed. Differential analyses were performed using SPSS (19 system), and results were considered to be statistically significant at P < 0.05.
RESULTS
Culture-dependent Bacterial Analysis
Microbes were enumerated at selected sampling points in the poultry production line (Table 1) . Samples obtained under different treatments during processing showed obvious differences in their spoilage microbe populations. The TVC in the BF (before frying) group were approximately 3.95 log CFU g −1 , among them B. thermosphacta was the dominant microbial species. The total aerobic count in the CR (control room) group significantly decreased after frying (P < 0.05). The total aerobic counts showed a decreasing tendency during control room and cold storage but did not show any significance difference. At the end of the shelf life (storage at 4
• C for 7 d), the total number of colonies in the MAP products increased to 5.80 log CFU g −1 ; furthermore, the total number of Pseudomonas (5.49 log CFU g −1 ), B. thermosphacta (5.11 log CFU g −1 ), and LAB (4.98 log CFU g −1 ) increased significantly in the MAP products. However, LAB was not identified after higher temperature treatment in the VP products, whereas the number of LAB was significantly increased in the MAP products to a level that was higher than the initial levels in the chickens before braising.
Airborne Microorganisms in Processing Room
The air-contamination levels in the different workshops (BR, CR, and CS) were counted, as shown in Figure 2 . The result showed that the airborne microbes in the BR workshop reached 17.70 CFU plate −1 , which was significantly different higher than in the CR and CS groups. It may be due to lower temperature in the control room and cold storage.
Sequencing Data
Sequencing information, diversity indexes, and estimators of richness are summarized in Table 2 . Raw tags refer to the sequences that join the original reads. After filtering and removing potential erroneous sequences, the effective tags obtained were arranged from 43,073 to 81,857. Results from the assessments using the Shannon index and Chao 1 index and the number of OBS were analyzed based on 97% similarity. The results showed a slight variation in microbial community diversity in the 5 groups. Rarefaction analysis indicated satisfactory coverage for all samples. Almost all bacteria in the samples were covered when the number of sequencing samples exceeded 30,000 reads, indicating that the 16S rDNA sequences represented the microbial diversity of the samples.
Microbiota Composition of the MAP Products
As shown in Figure 3 , an average of >229 OBS was found in poultry carcasses, and the variety and quantity of microorganisms in the 5 samples varied at the genus level. Acinetobacter was predominant in chicken carcasses at most of sampling points (Figure 3) . In addition, the most abundant Chryseobacterium and Psychrobacter OBS were isolated from chickens before frying, and the total relative abundance of these groups was more than 75%. The microbial species were similar, albeit with varying abundances, between the CR and CS groups, which included Acinetobacter, Psychrobacter, and Moraxella. However, we observed that the BS and ES groups had different microbial compositions. Acinetobacter and Moraxella were initially the dominant groups in the MAP products. After 1 wk of storage at 4
• C, the microbes in the MAP products showed a significant increase relative to the initial microbial quantity. The predominant microbial content in spoiled braised chickens after storage included Pseudomonas, Psychrobacter, Weissella, Kurthia, and Brochothrix, whereas the BF group included species of Acinetobacter, Psychrobacter, and Chryseobacterium.
In-depth analysis of the taxonomic assignment of microbial diversity showed a succession of genera in the heat map of Figure 4 . The top 35 abundant species were grouped into a cluster based on the relative richness. Different colors represent the relative abundance of each species in the map. Before frying, the carcasses showed a highly complex microbial diversity. However, during processing, abundant OBS such as those for Bergeyella, Dietzia, Lactococcus, Stenotrophomonas, Chryseobacterium, and Flavobacterium were not the dominant microorganisms. Lysinibacillus, Macrococcus, Shewanella, Kurthia, and Vagococcus OBS were dominant in the control room, whereas Leucobacter, Arthrobacter, Buchnera, and Psychrobacter OBS were dominant in the control room. Acinetobacter and Empedobacter were detected both in CR and ES, while the main OBS detected after spoilage were from Pseudomonas, Aerococcus, Hafnia, and Brochothrix (Figure 4) . The color of the heat map changed after processing, packaging, and storage, thus showing changes in microbial community composition. This significant difference indicated that the dominant spoilage microbes were not identical to the initial bacterial population in the poultry products.
Analysis of Beta Diversity
The unweighted pair group method with arithmetic mean (UPGMA)-clustering tree ( Figure 5) showed that the similarity between the CR and ES groups was relatively high. Based on the nonmetric multidimensional scaling (NMDS) analysis of the OBS levels, the differences between the sample groups were reflected by the distance between points, as shown in Figure 6 . The composition of the sampling points and the NMDS analysis highlight the differences between the groups, which were not significant. The NMDS sorting diagram also supports the results of clustering analysis, and the distance relationship between the microbial communities at each processing step were intuitively shown. 
DISCUSSION
Braised chickens are likely to be contaminated by microbes. In this research, we found that the total counts were more prevalent in the ES group in MAP condition while less in VP. The total bacterial counts showed a decreasing trend from the CR to CS groups. This finding may be explained by the fact that braised carcasses were transferred to the control room, followed by cold storage (0-7
• C), with air flow to dry and lower the temperature of the braised chickens. Wang et al. (2015) investigated that the moisture content is closely related to bacterial growth in meat products. The lower the temperature, the lesser the relative humidity, which is not conducive to the growth and reproduction of various bacteria. In this study, B. thermosphacta was the dominant microflora in the carcasses before frying, which may be because low temperature like room temperature can be advantageous for the growth of Pseudomonas spp. In addition, the interaction between 2 different organisms living in close physical association may be a plus point for the growth of other bacteria (Pangesti et al., 2017) . Packaging method affected the composition of the microbial populations, especially LAB, which is a heterotrophic and anaerobic microorganism.
Microorganisms are ubiquitous in poultry processing facilities. First, poultry feathers, skin, claws, and the digestive tract carry a large amount of natural flora. Second, although the overall number of microorganisms can be reduced during the various post-slaughter production processes, the cross-contamination of carcasses, water activity, and equipment used during processing may increase the risk of contamination and spoilage of carcasses . The air in the production workshop may also be the source of contamination. Airborne microorganisms may originate from birds, waste processing, and surfaces of the facilities if the workshops are not regularly sanitized.
In this study, the microbiota in braised chickens before and after storage was analyzed along with those in carcasses during production of braised chickens. Traditional culture identified 3 common spoilage microorganisms (Pseudomonas, B. thermosphacta, and LAB) in MAP meat products.
Viable counts showed that the number of microbes in chicken carcasses dramatically decreased after frying, which may be due to the high temperatures during braising (90-100
• C). Airborne microbial colonies on culture plates showed that the air quality in the braising room was poor, which was probably related to the activities of the workers and the temperature in the surrounding space. A previous report showed that human activities are a major source of microorganism release into the surrounding environment (Hospodsky et al., 2012) . Significant amounts of indoor airborne bacteria may be disseminated via respiratory fluids emitted by coughing, sneezing, talking, and breathing (Johnson and Morawska, 2009; Xie et al., 2009; Tang et al., 2013) , and the airborne microorganisms could spread into the workhouse via movements of workers and vehicles and the opening and closing of doors. Furthermore, fried chicken carcasses were first transferred to a steaming drawer in the BR, processing required manual operation, and the removal and transfer of carcasses after braising required the involvement of workers, who represent the main source of contamination by airborne microorganisms.
The results of culture-independent HTS showed that certain microbes were present in the chicken carcasses before frying, which mainly included Acinetobacter, Chryseobacterium, and Lactococcus. However, the microflora composition in braised chickens, especially those of Pseudomonas, Psychrobacter, Weissella, Kurthia, Brochothrix, and Lactobacillus, varied with the product shelf life. Despite these changes, the compositions of chicken microflora were similar at different processing steps due to the presence of certain common bacteria. Pseudomonas, Brochothrix, and Lactobacillus had the highest heat values in the ES group, which indicates that their relative abundances were the largest, and this observation was consistent with the results of the traditional cell culture.
Although most bacteria grow well at 30
• C, Pseudomonas was the main spoilage bacteria that caused meat to rot . Several groups have isolated Pseudomonas from chicken using selective media (Patsias et al., 2006; Chouliara et al., 2007) . A comparison showed a low abundance of bacteria in the BF, CR, CS, and BS groups; however, the content increased significantly in the ES group. This demonstrated that the initial bacterial load was low during processing but increased at the end of the storage period to become the dominant spoilage bacteria. This survival advantage of Pseudomonas is likely related to the storage temperature of the products and the gaseous composition inside the package. After packaging with mixed gases, the internal gas composition and content remained stable for a certain period. However, certain other gases (O 2 , etc.) may seep into the case, which affects not only the original packaging but also the quality of the products. The infiltration rate of the external gases depends mainly on barrier property of the packaging materials (Lee et al., 2003) . In addition, Pseudomonas preferably uses glucose in pork via the Entner-Doudoroff (ED) pathway, which generates glucuronic acid and 2-oxogluconate under aerobic conditions. These 2 acids not only inhibit the growth of other bacteria but also can be further used by Pseudomonas (Gill and Newton, 1977) . Pseudomonas fragi is usually the main bacterial strain in pork products, although P. fluorescens and P. lundensis have also been found to be abundant (Franzetti and Scarpellini, 2007; Ercolini et al., 2010) .
B. thermosphacta is a gram-positive, non-capsular, non-spore-forming, facultative anaerobe that grows at 0-30
• C (optimum growth temperature, 20-25 • C); moreover, B. thermosphacta is mainly found in meat products and is ubiquitously distributed in the environment (Ercolini et al., 2011; Mamlouk et al., 2012) . Additionally, B. thermosphacta has often been found in vacuum-packaged meat products because it can grow under anaerobic conditions. In the present study, this bacterium was the dominant spoilage microbe of unsterilized products, and similar observations have been reported for pork (Papadopoulou et al., 2012) . Studies showed that while LAB and B. thermosphacta coexist at low temperatures, their interaction is more conducive for the growth of B. thermosphacta , which is consistent with the results of this study.
Weissella, which belongs to the Lactobacillales order and Leuconostocaceae family (Vela et al., 2011) , exists in different environments and has often been isolated from meat products. In addition, a previous report mentioned the isolation of this bacterium from fish and soil (Comi and Iacumin, 2012) . Previous data also showed that, apart from W. paramesenteroides and W. hellenica, other Weissella bacteria can produce DL-lactic acid after fermenting glucose (Collins et al., 1993) . One of the most important Weissella species encountered during meat processing is Weissella viridescens, which can corrupt meat products. In this study, we showed that the abundance of Weissella in the BS group was significantly lower than those in the BF, CR, and CS groups, which may be because Weissella is a facultative anaerobic bacterium that can rapidly grow in microaerobic culture conditions. Compared to that in the BS group, the relative abundance of Weissella in the ES group was higher, which showed that Weissella growth was suppressed during early gas packaging. However, bacteria capable of heterolactic fermentation can participate in the deterioration of meat products during storage.
LAB, a typical anaerobic bacterium, is an important competitor of other spoilage-related microbial groups under MAP conditions (Nychas and Skandamis, 2005; Ercolini et al., 2006) . Certain studies have shown that carbon dioxide in MAP products partly inhibits the growth of LAB (Ercolini, 2004) , while several other studies showed that the spoilage LAB in MAP meat products consists of homofermentative Lactobacilli, heterofermentative Leuconostoc, Carnobacterium spp., Brochothrix thermosphacta, and Weissella spp. (Koort et al., 2005; Samelis et al., 2010; Vasilopoulos et al., 2010) , which is consistent with the cell culture and 16S rDNA sequencing results of this study.
In addition, other bacteria associated with the spoilage of meat products include Acinetobacter, Psychrobacter, Kurthia, and Moraxella (Schirmer et al., 2009; De Filippis et al., 2013; Ye et al., 2017) . In this study, Acinetobacter was present in certain proportions at each sampling point, which indicated that Acinetobacter was widely distributed in the meat processing system due to its ability to grow in various physical habitats. Psychrobacter, a group of gram-negative aerobic genus, which includes Psychrobacter arenosus, Psychrobacter pulmonis, Psychrobacter faecalis, and Psychrobacter immobilis, is mainly found in fish, poultry, and their products.
CONCLUSION
The storage place and temperature during processing has great impact on the shelf life of the chicken. The proliferation rate of Pseudomonas, LABs, and Brochothrix thermosphacta during microbe counts were significantly higher in before frying and control room (25
• C) while lower in cold storage room (0-4 • C). In addition, the microbe in MAP were notably higher in 0 and 7th day, while the microbial activity in VP were lower in both 0 and 7th day at 4
• C, because the VP products were already treated at 100
• C for 30 min. 16S rDNA sequences results revealed that more than 229 operational taxonomic units of microbiota were present in braised chicken, especially Pseudomonas, Psychrobacter, Weissella, Kurthia, Brochothrix, and Lactobacillus in MAP products. According to present study, to prolong the shelf life of meat products proper storage places and packaging conditions are required to reduce the microbial load in the food products.
